were 0.01 and 0.15, respectively. The near-infrared-green (I 757 /I 540 ) and red-green (I 641,665 /I 540,549 ) fluorescence intensity ratios (FIRs) were studied as a function of temperature at 83-503 K. The sensitivity of the ZnWO 4 :0.01Ho 3+ /0.15Yb 3+ phosphors was also discussed and their potential application as thermal sensors in luminescence thermometry was analyzed using a four-level system and the intensity ratio of the red and green emissions. ZnWO 4 :0.01Ho 3+ /0.15Yb 3+ phosphors could potentially be applied as optical temperature-sensing materials.
Introduction
Noncontact temperature measurement has recently attracted much interest for its ability to measure high temperatures and characterize moving surfaces, even in the presence of strong electromagnetic elds, without interference.
1
Rare earth elements exhibit narrow emission and absorption lines, and relatively long emission lifetimes. Therefore, rare-earth-doped materials have been applied in temperature sensors using luminescent thermometry techniques. Among rare earths, Ho 3+ has been veried as a promising candidate in addition to Er 3+ .
The thermally coupled levels of Ho 3+ ions, namely 5 Compared with conventional contact temperature measurement methods, the noncontact uorescence intensity ratio (FIR) technique is considered a promising approach to temperature sensing because it can reduce the dependence on measurement conditions and improve accuracy. [10] [11] [12] Therefore, noncontact optical sensors based on FIR thermometry are particularly suitable for monitoring temperature under harsh conditions, such as electrical, magnetic, and electromagnetic elds, and ammable situations. In general, the FIR method can be used for temperature measurement if the FIR varies monotonically with temperature in rare-earthdoped materials.
Tungstates with monoclinic structures, which possess high chemical and physical stability and superior intrinsic luminescent properties, are considered good luminescent hosts. Among them, ZnWO 4 has shown good properties as a scintillator crystal, 13 while phosphors, such as ZnWO 4 materials doped with rare earth ions (Er, Dy, Ho, Eu), showed excellent uorescence properties.
14-20 Furthermore, ZnWO 4 has other advantages that benet upconversion (UC), such as a low phonon threshold energy (199.5 cm À1 ). . UC photoluminescence emission spectra were measured using a uores-cence spectrouorometer (F-7000, Hitachi, Japan) under excitation by a 980 nm diode laser. The phosphor temperatures were controlled in the range 83-583 K using a TP94 temperature controller (Linkam Scientic Instruments Ltd, Surrey, UK).
Results and discussion

XRD analysis
The XRD patterns of the ZnWO 4 :0.01Ho 3+ /xYb 3+ samples are shown in Fig. 1 Fig. 4(a) . The peak values of all peaks increased gradually with increasing power in the range 80-240 mW. For the UC process, the emission band intensity (I) was proportional to the exponent (n) of pump power (P), with their relationship described by the formula, IfP n , 28, 29 where n denotes the number of photons involved in the pumping mechanism, which can be determined from the slope of the straight line obtained by plotting ln(I) vs. ln(P). Fig. 4(b) shows experimental data and tting curves for ZnWO 4 :0.01Ho 3+ / 0.15Yb 3+ ceramic. The plots of ln(I) vs. ln(P) showed n values of 1.96, 1.83, and 2.11 for green, red, and near-infrared emissions, respectively. The slope values were near 2, which indicated that a two-photon UC mechanism was involved in all three emission processes. Fig. 4(c) shows the CIE chromaticity diagram, which is used to study color perception in terms of mathematically dened color spaces. The relevant boxed section in Fig. 4 (c) has been enlarged. A yellowish-green color perception with coordinates of (0.32, 0.64) was obtained using a low laser power (20 mW) emission, and the color coordinates moved toward the pure green region with increasing excitation power. However, the color coordinates were almost unchanged when increasing the excitation power continuously from 40 mW (0.31, 0.67) to 240 mW (0.31, 0.68), indicating that the sample emission color was not meaningfully affected by the pump power.
Optical temperature-sensing properties
Optical temperature sensing is among the most important applications of UC emission materials. Herein, the optical temperature-sensing properties of can be achieved by thermal excitation. Accordingly, the ratio of the bands at 540 nm and 757 nm (FIR) followed a Boltzmanntype distribution. The FIR can be described using eqn (1): 
where I 754 and I 540 are the intensities of upconversion emissions from the upper ( For optical thermometry applications, it is important to know the sensitivity (S). Similar to the three-level system, S can be dened using eqn (2): 
The calculated sensitivity as a function of temperature is shown in Fig. 5(d) . The sensitivities decreased continuously with increasing temperature within the experimental temperature range. The maximum S value of about 0. were better suited to low-temperature optical sensors. For comparison, the optical temperature-sensing performances of Ho 3+ -doped materials based on the FIR technique are listed in Table 1 , while other results were based on the three-level system. Compared to other materials based on the three-level system, the maximum S value based on the four-level system was obtained at a relatively low temperature. These results showed the Ho 3+ -doped materials were better suited to low temperature applications using this method.
The versatility of this material offered different strategies for temperature measurement using upconversion emission spectra. Fig. 5(a) shows a clear increase in red emission intensity with increasing temperature. However, the 5 F 4 / 5 S 2 level (attributed to green emission) and 5 F 5 level (attributed to red emission) were located far apart, with electronic populations that did not follow the Boltzmann-type distribution. Therefore, the FIR technique (three-level system or four-level system) is invalid. Fortunately, analysis of the schematic energy level diagram (Fig. 3) showed that the population of the 5 F 5 level mainly occurred through three pathways, among which the nonradiative relaxation process from the 5 F 4 / 5 S 2 level to 5 F 5 level was the most effective at low Ho 3+ doping concentrations. The process was temperature dependent, as demonstrated by the faster increase in relative intensity of the red emission with increasing temperature (Fig. 5(a) ).
Based on this analysis, we considered all of these levels to be electronically coupled, and that the temperature could be measured using the ratio of red and green light. [32] [33] [34] This electronic coupling of Ho 3+ is expressed in the plot of I red /I green thermal evolution depicted in Fig. 6 host determined to be 1 mol% and 15 mol%, respectively. A possible upconversion emission mechanism was proposed, taking into consideration the dependence of emission intensities on the pumping power, and that the green and red emissions were both related to two-photon absorption processes. Furthermore, the near-infrared-green FIR (I 757 /I 540 ) and red-green FIR (I 641, 665 /I 540,549 ) were studied as a function of temperature from 83 K to 503 K. The optical temperature-sensing properties were discussed based on a four-level FIR system and the ratio of red and green band intensities. The FIR (four-level system) method results showed that the highest sensitivity occurred at low temperature. However, the ratio of the red and green peak intensities showed a linear dependence on temperature. Sensitivity was constant over the thermal range tested, which allowed more precise measurements at high temperatures.
